In light of the discovery of a Standard Model (SM)-like Higgs boson (h) at the LHC, we investigate the top quark to Higgs boson transition t → W * bh, which is the leading t → h decay mode in the SM. We find the decay branching fraction to be 1.80 × 10 −9 . In comparison, the two-body, loop-induced t → ch transition occurs at ∼ 10 −14 in the SM. We consider the consequences of gauge invariant dimension-6 operators affecting the tth interaction and find that the decay branching fraction may be increased by a factor of two within current constraints on the coupling parameters from collider experiments. We also extend the calculation to the CP-conserving Type I and Type II Two Higgs Doublet Models (2HDM), including both CP-even and CP-odd Higgs bosons. For neutral scalar masses at about 100 GeV, the decay rates can be several times larger than the SM result in the allowed range of model parameters. Observation prospects at present and future colliders are briefly addressed.
I INTRODUCTION

The discovery of a light, Standard Model (SM)-like Higgs boson at the CERN Large Hadron
Collider (LHC) [1] is a tremendous step towards understanding the underlying mechanism of electroweak (EW) symmetry breaking (EWSB). The observed signal, consistent with the leading production mechanism gg → h, indicates the existence of the Higgs boson coupling to the top-quark [2] . Ultimately, the tth coupling may be determined at the LHC luminosity upgrade and at a high energy e + e − linear collider [3] . Regardless of their rarity, a Higgs boson that is less massive than the top quark implies that t → h transitions exist. With an annual luminosity of L = 100 fb −1 /yr, the 14 TeV LHC will produce over 90 million tt pairs a year [4] . Thus, searches for t → h transitions that are sensitive to new physics scenarios are an essential part of the LHC program. For example: the rare decay involving the Flavor
Changing Neutral Current (FCNC) t → ch.
This process is particularly interesting for several reasons. At leading order, it is induced at one-loop in the SM and, due to GIM suppression [5] [6] [7] , its branching fraction is very small, about 10 −14 . NLO QCD contributions increase this by 10% [8] . However, new physics beyond the SM (BSM), such as an extended Higgs sector [6, [9] [10] [11] [12] or Supersymmetry (SUSY) [13] [14] [15] , can significantly enhance this decay, making it a very sensitive channel to new physics.
In this study, we consider another t → h transition:
where the off-shell W * decays to a pair of light fermions. We now know that this is kinematically allowed in the SM. Proceeding at tree-level through the diagrams depicted in Fig. 1 , Eq. (2) has been previously evaluated [16] [17] [18] [19] [20] [21] [22] . Both the tth and W W h interactions are simultaneously involved, resulting in a certain subtle, but accidental, cancellation. The predicted branching fraction in the SM is about 10 −9 . Though still small, the rate is significantly larger than that of Eq. (1), thereby representing the leading t → h transition in the SM. Subsequently, we are motivated to investigate how sensitive Eq. (2) is to new physics.
To systematically quantify this sensitivity in a model-independent fashion, we first employ the approach of Effective Field Theory (EFT). In particular, we consider the effects of gauge invariant, dimension-six operators that can alter the tth interaction and take into account constraints on anomalous tth couplings imposed by data.
It is highly probable that the scalar sector responsible for the EWSB extends well beyond (2) and (3) . Drawn using the package JaxoDraw [23] .
EWSB. We extend our study into leading t → h transitions by considering CP-conserving variants of the so-called Type I and Type II 2HDM, denoted by 2HDM(I) and 2HDM(II),
respectively. The corresponding decay channel is
where H is generically either one of the two CP-even (h, H) or the CP-odd (A) Higgs bosons, and f 1 , f 2 are the light fermions in the SM. For h/H, Eq. (3) proceeds identically though The remainder of this analysis proceeds as follows: In section II, we introduce our theoretical framework and comment on current experimental constraints for each new physics scenario. We then present in section III the SM, EFT, 2HDM(I), and 2HDM(II) predictions for the top quark branching fraction of Eq. (3) over respective parameter spaces. Observation prospects at present and future colliders are briefly addressed in section IV. Finally in section V, we summarize our results and conclude.
II THEORETICAL FRAMEWORK
The theoretical frameworks under consideration include the effective field theory (EFT) for 
A The SM as an Effective Field Theory
To systematically search for new physics beyond the reach of present-day experiments, we employ Effective Field Theory (EFT) to model new physical phenomena and linearly realize the SM gauge symmetries [24] [25] [26] . After integrating out heavy degrees of freedom at a scale Λ, the low energy effects can be parameterized by
where L SM is the SM Lagrangian, the f i,j are real, dimensionless "anomalous couplings"
naturally of order 1 ∼ 4π, and O i,j represent SU(3) c ×SU(2) L ×U(1) Y -invariant, dimension-(4 + i) operators constructed solely from SM fields. When f i,j → 4π, however, one is likely in the strong coupling regime and the EFT approach breaks down. Here, f i,j is assumed to be O(1). For the remainder of the text, we consider only the next-to-leading interactions at dimension-six and drop the i = 2 subscript.
A.1 EFT framework and parameters
Many linearly independent dimension-six operators can affect the tth, W W h, bbh, tW b, htc/u, or 4-point tW bh vertices [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Results from the ATLAS and CMS experiments indicate that the W W h coupling is close to its SM value [1, 2] , and evidence suggest that the bbh coupling cannot be much larger than the SM prediction [35, 36] . As dimension-six tW bh verticies originate from terms of the form tW b(v + h) [25, 29] , the size of anomalous 4-point tW bh couplings are restricted to be small by the stringent limits on anomalous tW b couplings [28, 30, [37] [38] [39] [40] . Anomalous htc/u couplings are constrained to be small [12, [41] [42] [43] .
As we are interesting in the next-to-leading contribution to the t → W * bh transition, we consider those operators affecting the weakly constrained tth vertex only. In the basis of Ref. [25] , the most general tth interaction Lagrangian one can construct using linearly independent dimension-six operators requires only two operators [32] (one CP-even and one CP-odd):
where Φ is the SM Higgs SU(2) L doublet with U(1) Y hypercharge +1,
and
is the left/right-handed (LH/RH) chiral projection operator. These respectively lead to anomalous scalar-and pseudoscalar-type interactions and correspond to the operator Q uϕ in Refs. [26, 33] , which assume complex Wilson coefficients. To investigate the sensitivity of operators that select out different kinematic features from those listed above, we consider also the two redundant 3 (CP-odd) operators
which respectively lead to anomalous left/right-handed (LH/RH) chiral couplings. We do not consider other operators that can affect the t → W * bh decay because their Wilson coefficients are strongly constrained by data. After EWSB, the tth interaction Lagrangian contains four 4 new independent terms:
where y t is the SM top quark Yukawa coupling,
and the anomalous couplings g X beyond the SM (BSM) are
The relative minus signs between y t and g X are arbitrary due to the unknown couplings f .
To better understand the influence of g S and g P on Eq. (2), it is useful to rewrite the relevant parts of Eq. (8) as
where the effective coupling, g Eff. , and the CP-violating (CPV) phase, δ CP , are
A.2 EFT Constraints
Independent of deviations in the h → γγ channel and with no assumption on the Higgs boson's total width, ATLAS has measured the gluon-gluon fusion (ggF) scale factor to be [2] κ g = 1.08
3 Using integration by parts and the appropriate equations of motion, e.g. [26] . 4 The anomalous LH chiral bbh coupling from O
Φq is ignored as its contribution suffers from kinematic and helicity suppression. See the discussion in Sec. III A. 
Since ggF is dominated by a top quark loop, we can approximate an anomalous g S contribution to the observed rate by
implying
Similarly, we can relate Eq. (13) to g P by 
Two angles, α and β, remain as free parameters. α measures the mixing between the two CP-even Higgs fields to form the mass eigenstates (h, H) and spans
represents the relative size of Φ i and is defined by
Reviews of various 2HDMs and their phenomenologies can be found in Refs. [46] [47] [48] .
B.1 Type I 2HDM framework and parameters
In the 2HDM(I), much like in the SM, only one Higgs doublet is responsible for generating fermion masses and couples accordingly; the second CP-even Higgs boson interacts with fermions through mixing. The interaction Lagrangian relevant to this study is
is the down-type quark analogue, and g is the weak coupling constant in the SM.
Discovering a Higgs boson with SM-like couplings greatly impacts the 2HDM. In particular, the measured couplings to weak bosons [1, 2] imply either
or cos(β − α) ≈ 1 for H to be SM-like.
Generally, we may parameterize how far sin(β − α) is away from one and define ∆ V such
We restrict the couplings to have the same sign as those of the SM [49] and limit ∆ V up to one. Eq. (22) maps to the parameterization used by the SFitter Collaboration [50] by taking Table 2 summarizes the bosonic and fermionic couplings to the neutral scalar in the 2HDM(I) relative to those in the SM, i.e., the 2HDM(I) coupling coefficient divided by the SM coupling coefficient. In the small (large) ∆ V limit, h (H) becomes SM-like and
, H (h) decouples from the gauge bosons. The relevant tree-level couplings to A are independent of ∆ V as they are initially independent of α. In the large tan β limit, A decouples from the theory. For all parameter scenarios considered, we identify the SM-like Higgs as the one with stronger couplings to W W, ZZ, and having a mass of 125.5 GeV.
B.2 Type I 2HDM Constraints
Since the Higgs boson's discovery, many reports have appeared investigating the 2HDMs' compatibility with data [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . We list here constraints relevant to the 2HDM(I) and note when a result is applicable to other types. The following bounds assume one SM-like Higgs boson at approximately 126 GeV.
(i) cos(β − α) − tan β Parameter Space: A global fit of available LHC data, in particular from h → γγ, V V, bb, τ + τ − , has set stringent bounds [62] . Representative values at 95%CL are
Similar conclusions have been reached by Refs. [56, 58, 60, 61, 63] .
(ii) m H ± −tan β Parameter Space: For all 2HDMs, flavor observables exclude at 95% CL [64, 65] tan β < 1 for m H ± < 500 GeV.
Values of tan β < 1 are allowed given a sufficiently heavy H ± [55, 57, 64, 65] . Due to the particular tan β dependence, no absolute lower bound on m H ± from flavor constraints exists in the 2HDM(I) [64] . An observation of excess B → D * τ ν decays [66] has yet to be confirmed and is not considered.
(iii) Additional Higgs Masses: For both 2HDM(I) and (II), additional CP-even scalars below LEP bounds [67] [68] [69] are allowed given sufficiently decoupled H ± and A [53] . A second CP-even Higgs is incompatible with LHC data for mass
but allowed outside this range [54] . Direct searches for H ± and A exclude [68] [69] [70] [71] 
Additional considerations include the compatibility of a SM-like Higgs boson with EW precision data in general 2HDMs [51] , the perturbative unitarity limits on the heavy Higgs masses in a general, CP-conserving 2HDM [59, 72, 73] , and perturbative unitarity limits on tan β in an exact Z 2 -symmetric, CP-conserving 2HDM [52, 60] . Since FCNC do exist in nature and the SM, it is unnecessary to impose the severe constraints on tan β associated with an exact Z 2 symmetry.
C Type II Two Higgs Doublet Model C.1 Type II 2HDM framework and parameters
In the 2HDM(II), one Higgs doublet is assigned a hypercharge +1, giving masses to fermions with weak isospin T 3 L = + 1 2 , and the second is assigned a hypercharge −1, giving masses to
fermions. The doublets are denoted respectively by Φ u and Φ d , and β is written as
After EWSB, the CP-conserving interaction Lagrangian relevant to Eq. (3) is similar to Eq. (19) , with the only difference being the down-type quark Yukawa couplings:
The notation used in Eq. (29) is the same as the 2HDM(I) Lagrangian Eq. (19) . Using Eq. (22), and similar to Eq. (23), the preceding line becomes Table 3 summarizes the bosonic and fermionic couplings to the neutral scalars in the 2HDM(II) relative to those in the SM. Like the 2HDM(I), in the small (large) ∆ V limit, no such minima occur in the 2HDM(I), sensitivity to tan β = 7.6 will be investigated in both 2HDM scenarios.
C.2 Type II 2HDM Constraints
Constraints relevant to the 2HDM(II) are listed here. See Sec. B for generic 2HDM bounds.
(i) cos(β − α) − tan β Parameter Space: A global fit of available LHC data, in particular from h → γγ, V V, bb, τ + τ − , has set stringent bounds [62] . Representative values at 95% CL are cos(β − α) < 0.06 (0.01) for tan β = 2.4 (10).
(ii) m H ± − tan β Parameter Space: Flavor observables, and in particular BR(B → X s γ), exclude at 95% CL [65, 74, 75] m H ± < 327 GeV for all tan β
From BR(B → τ ν) measurements, the UTfit Collaboration [76] has determined the absolute bound tan β < 7.4 m H ± 100 GeV .
III BRANCHING RATIOS
The discovery of a SM-like Higgs boson at 126 GeV [1, 2] implies that
is kinematically allowed and proceeds through the diagrams given in Fig. 1 . Following Ref. [21] , we define the t → W * bh partial width as
and the t → W * bh branching ratio by 
we calculate Γ Tot. at leading order to be
and find that the SM predicts
The smallness of this branching fraction falls from several features, including phase space suppression associated with the three-body final state, kinematic suppression due to the offshell W boson, and an accidental cancellation between the leading tth and subleasing W W h diagrams. Nevertheless, this decay rate is O(10 5 ) larger than the well-studied [6, 7] two-body t → ch transition. This is due to the GIM suppression for the FCNC.
In the remainder of this section, we investigate how the branching fraction can change in the context of EFT, 2HDM(I), and 2HDM(II). A EFT BR(t → W bh)
We present first the behavior of BR(t → W bh) as a function of anomalous tth couplings. For one non-zero anomalous coupling from Eq. (8) at a time, we calculate the branching fraction over the domain g X ∈ [−2, +2] and set all other anomalous couplings to zero. Bounds on g S and g P , Eqs. (15) and (17) respectively, are applied. The results are shown in Fig. 2 .
To investigate the sensitivity of operators that select out different kinematic features, we include the redundant operators listed in Eq. (7), which give rise to anomalous g L and g R .
In all plots, the SM prediction as in Eq. (39) is shown as a (black) solid line labeled by "SM". Table 4 lists values of the branching fraction for various benchmark values of g X .
In Fig. 2(a) , BR(t → W bh) as a function of the anomalous scalar coupling g S is shown.
From the Lagrangian in Eq. (11), it is clear that (y t −g S ) acts as an effective Yukawa coupling.
For g S < 0, the anomalous coupling enhances the already dominant top-Higgsstrahlung diagram. For g S > 0, an accidental cancellation among the anomalous scalar, Yukawa, and gauge terms results in a minimum at g S ≈ 0.92. When g S 0.92, the quadratic term takes over and causes the branching fraction to grow. An observed transition rate smaller than the SM prediction thus implies that g S > 0. Indirect measurements of the tth coupling, as seen in Fig. 2(a) , indicate that
Figure 2(b) shows the influence of an anomalous pseudoscalar coupling, g P , on BR(t → W bh). From the Lagrangian in Eq. (11), similar to the discussions in the previous session, the t → h transition is symmetric with respect to g P due to the dominance of the quadratic term. Both couplings contribute greatest when the intermediate, off-shell top quark propagates in its RH helicity state, which gives an m t enhancement over other diagrams. The CPV associated with δ CP is unobservable here because the asymmetry is proportional to interference terms, which are small. The linear dependence on g S in interference terms from the previous case and the strict quadratic dependence on g P here implies that that branching fraction is less sensitive to small values of g P than it is to small values of g S . The rate therefore grows more slowly as a function of g P than g S . As seen in Figure 2 (b), the bounds on g P allow
In Fig. 2(c) , we see the branching fraction as a function of an anomalous LH vector current with coupling g L . Over the domain investigated, the contribution is rather small. We turn to kinematics to elucidate this behavior. First, the anomalous contribution is proportional to k µ /v, where k µ is the momentum of the Higgs. Since the energy budget for this process is fixed at m t , and since we require a final state Higgs (E h m h ), k µ /v ∼ E h /v ranges between 0.5 ∼ 0.6, leading to kinematic suppression of anomalous contributions. Second, note that a fermion participating in two sequential LH chiral interactions necessarily propagates in its LH helicity state. Hence, the anomalous contribution is proportional to the internal, off-shell top quark momentum and leads to helicity suppression of anomalous contributions. We consequently expect and observe very small growth in the branching fraction over the range of g L .
Figure 2(d) displays the results for BR(t → W bh) as a function of anomalous RH vector current with coupling g
R . Unlike the LH case, the anomalous contribution has a large effect over the domain considered, comparable to g S and g P . As in the previous case, there is kinematic suppression; however, there is no longer helicity suppression. A massive fermion participating in a RH chiral interaction followed by a LH chiral interaction propagates in its RH helicity state. Hence, as in the g P case, the anomalous contribution is proportional to m t . Comparatively, there is a faster rise in the transition rate as a function of g R than g L .
B Type I 2HDM BR(t → W bH)
The behavior of BR(t → W bH), where H represents h, H, or A in the 2HDM(I), is presented in this section. To explore sensitivity to the anomalous W W H coupling, ∆ V , we consider tan β = 3, 7. For these values of tan β, the largest deviation in the W W H coupling allowed by present data corresponds to a light SM-like Higgs with cos(β − α) = 0.3, i.e.,
To determine the mass sensitivity, we focus on the mass windows Below 95 GeV, the SM Z boson background becomes relevant, making observation of the transition very difficult; above 155 GeV the kinematic suppression of t → H/A becomes too great for practical purposes. However, it is straightforward to extrapolate these results in the event of a neutral scalar's discovery in these peripheral ranges. 
B.1 BR(t → W bh, H) vs tan β, ∆ V
The decay rates for t → W * bh and t → W * bH as a function of (a) tan β and (b) ∆ V are shown in Fig. 3 . Except for low value of tan β < 3, the rates are always smaller than the SM rate. Beyond tan β ≈ 3, the SM-like CP-even Higgs rates become independent of tan β and converge to asymptotic values; for the non-SM-like Higgses, this occurs at tan β ≈ 15. To see how this happens, note that the Yukawa couplings in the 2HDM(I) ( Table 2) simple form
where c 1,2 are elementary functions of ∆ V , as seen in Table 2 . In the large tan β limit, the c 1 part vanishes, leaving the asymptotic value c 2 . In the SM-like limit, the c 2 terms are larger than the c 1 contributions, whereas the reverse holds in the non-SM-like limit. We extract asymptotic values by observing that for a given CP-even Higgs the c 2 terms and W W H couplings are the identical. Consequently,
For our choices of ∆ V , the asymptotic rates in Fig. 3(a) are The ∆ V dependence in Fig 3(b) and the relationship between h and H is indicative of much broader behavior found in all 2HDM variants. To saturate the sum rule for the electroweak symmetry breaking [46] , the hW W coupling (g hW W ) and the HW W coupling
where g h SM W W is the SM hW W coupling. For h and H with degenerate masses,
Indeed, Eqs. (46) and (47) satisfy this relationship. Furthermore, this can be extended to an arbitrary number of scalar SU(2) L doublets and singlets [46] . Though mass splittings, etc., will break this equality, it provides a useful estimate for processes involving transitions in models with additional scalar SU(2) L doublets and singlets.
B.2 BR(t → W bh/H) vs m h/H
As a function of mass, we plot in Fig. 4 the decay rates for t → W * bH where H is a non-SM-like CP-even Higgs; the mass of the SM-like Higgs is taken to be 125.5 GeV. For a mass below (above) 110 GeV, we observe that transition rate to a non-SM-like Higgs remains above (below) the SM rate. As the scalar mass decreases and the W * comes closer to being on-shell, the availability of phase space greatly ameliorates the coupling suppression associated with ∆ V . However, despite this relief, the transition rate to a non-SM-like H stays below the SM A (100 GeV) 7.6 1.007 × 10
rate for much of the parameter space. The insensitivity to large and moderate tan β seen in Fig. 4 is consistent with previous discussions.
B.3 BR(t → W bA) vs tan β, m A
Here, we consider the decay rate to the CP-odd Higgs, t → W * bA. Fig. 5 shows BR(t → W bA) as a function of (a) tan β and (b) m A . Except for very low tan β and mass, the branching fraction remains well below the SM prediction for much of the parameter space, approximately equaling it at tan β ≃ 3 for m A = 100 GeV. Due to CP-invariance in the gauge sector there is no tree-level AW W contribution. And since the f f A couplings are independent of ∆ V , the decay rate is fixed entirely by m A and tan β. Destructive interference still exists, however, since the ttA and bbA vertices differ by a minus sign. A quadratic dependence on cot β is the consequence the f f A coupling (∝ cot β). See Table 2 . Despite this monotonic dependence on tan β, which implies that BR(t → W bA) is a direct measure of tan β were it to be measured, the recuperation of available phase space at low m A is unable to compensate for the cot 2 β suppression.
C Type II 2HDM BR(t → W bH)
We report here the behavior of BR(t → W bH), where H represents h, H, or A in the 2HDM(II). The same values of tan β are used here as the Type I case. To avoid constraints, we choose a ∆ V that corresponds to a light Higgs with cos(β − α) = 0.01, i.e., Figure 6 : The 2HDM(II) BR(t → W bH) as a function of (a) tan β for SM-like h (long dash), H (dash-dot), and non-SM-like h (short dash), H (dot); (b) ∆ V for h at tan β = 3 7.6, 15 (short dash, long dash, dash-dot), and for H (dot, long dash, dash-dot). The solid line denotes the SM prediction, Eq. (39). Table 6 lists values of the branching fraction for several Higgses and benchmark parameter values. In the following figures, the predicted SM decay rate is shown as a black, solid line labeled by "SM".
C.1 BR(t → W bh, H) vs tan β, ∆ V Figure 6 depicts the branching ratio BR(t → W bH) for both of the CP-even Higgses as a function of (a) tan β for SM-like and non-SM-like h and H, and (b) ∆ V for small and large values of tan β.
In Fig 6(a) , for SM-like Higgses, the branching fraction is indistinguishable from the SM prediction as a function of tan β; for non-SM-like Higgses, however, the rates minimize for tan β = 7 ∼ 8. This dependence on tan β is indicative of a playoff between the ttH and the bbH couplings. In the SM limit, this specific behavior is suppressed for SM-like Higgs bosons because the couplings to these bosons grow independent of tan β. When h is non-SMlike (∆ V = 0.99), sensitivity to tan β maximizes because the tan β-independent parts of the fermionic Higgs couplings nearly cancel. As tan β grows, the contribution from tth (∝ cot β) runs BR(t → W bh) down until the bbh contribution (∝ tan β) takes over at tan β ≈ 7.6. that at tan β = 7.6 transition rates are minimized for all values of ∆ V . For a heavy Higgs, however, this value of tan β only minimizes the rate in the h → h SM limit, in which case the t → H transition rate vanishes. The t → H rate minimum occurs at larger ∆ V with decreasing tan β because the ttH (bbH) contribution becomes numerically larger (smaller). Turning to the CP-odd Higgs decay channel, t → W * bA, we note that many of the arguments made in the 2HDM(I) case carry over to this situation. Unlike the Type I scenario, however, there is only constructive interference between the fermion contributions. Figure 8 shows BR(t → W bA) as a function of (a) tan β and (b) m A . In Fig. 8(a) , due to an accidental cancellation, the branching fraction minimizes at tan β ≈ 5.8, which is unsurprisingly close to the t → H + b minimum at tan β = m t /m b ≈ 7.6. At tan β ≈ 5.8, the ttA coupling (∝ cot β) and the bbA coupling (∝ tan β) contribute equally. At smaller values of tan β, ttA is the dominant term but is driven down by an increasing tan β; and at larger values, bbA is the dominant term, which ramps up the rate. In the large tan β limit, the ttA graph becomes negligible and the rate becomes quadratically with tan β.
In Fig. 8(b) , we observe a similarity between A and the non-SM-like Higgs boson, H X . We attribute this to a similarity of contributing diagrams. For example: the W W A vertex does not exist because of CP-invariance, and by virtue of being non-SM-like, the W W H X vertex is considerably suppressed. In this domain, fermionic couplings to A and H X also have the same dependence on tan β.
IV OBSERVATION PROSPECTS AT COLLIDERS
In this section, we estimate observation prospects at current and future colliders. The 14 TeV LHC tt production cross section at NNLO in QCD has been calculated [4] 
The SM pp → tt → W W * bbh cross section at the LHC is thus estimated to be 
The factor of two in the preceding line accounts for either top or antitop quark decaying into the Higgs. To assure a clear trigger and to discriminate against the large SM backgrounds, we require at least one W boson decaying leptonically (ℓ = e, µ), i.e. The total cross section for an arbitrarily decaying h is therefore estimated to be
BR(W W
Higgs branching fractions and detector efficiencies will further suppress this rate. Such a small cross section means that observing this SM process will be challenging. Following the same procedure, we estimate Eq. (58) for several proposed colliders and collider upgrades; the results are given in Table 7 . for m h = 125.5 GeV.
V SUMMARY AND CONCLUSION
This is the leading t → h transition, five orders of magnitude larger than the next channel t → ch. See Eq. (39).
(ii) Present LHC Higgs constraints on anomalous tth couplings permit up to a factor of two enhancement of the t → W * bh transition. See Eq. (40).
(iii) The operator O t2 , which selects different kinematic features than either O t1 or O t1 , results in comparable enhancement of the t → W * bh transition. See Fig. 2 .
(iv) In the 2HDM(I), decays to CP-even Higgses do not decouple in the large tan β limit and their rates approach asymptotic values that are functions of the anomalous W W h coupling. They are given in Eqs. (46) and (47) .
(v) In the Type I (II) 2HDM, due to the increase in available phase space, the branching ratio to a light, non-SM-like Higgs boson can as much as 2 (7) times larger than Eq. (59).
(vi) In the Type I (II) 2HDM, the branching ratio to a light, CP-odd Higgs can be as much as 1.6 (3) times larger than Eq. (59).
(vii) The pp → tt → W W * bbh → h(ℓ + ℓ ′ − ν ℓ ν ℓ ′ + jjℓ
ν ℓ ) production cross section at the 14 TeV LHC and future colliders have been estimated [Eq. (58) ]; a few t → W * bh events over the full LHC lifetime. Due to enhancements in gluon distribution functions, any increase in collision energies can greatly increase this rate.
